Hepatitis C virus proteins are produced by proteolytic processing of the viral precursor polyprotein that is encoded in the largest open reading frame of the viral genome. Processing of the nonstructural viral polyprotein requires the viral serine-type proteinase present in nonstructural protein 3 (NS3). The cleavage of the junction between NS4B and NS5A is mediated by NS3 only when NS4A is present. NS4A is thought to be a cofactor that enhances the cleavage efficiency of NS3 in hepatitis C virus protein-producing cells. Stable NS3-NS4A complex formation required the N-terminal 22 amino acid residues of NS3. This interaction contributed to stabilization of the NS3 product as well as increased the efficiency of cleavage at the NS4B/5A site. The N-terminal 22 amino acid residues fused to Escherichia coli dihydrofolate reductase also formed a stable complex with NS4A. NS3 derivatives which lacked the N-terminal 22 amino acid residues showed drastically reduced cleavage activity at the NS4B/5A site even in the presence of NS4A. These data suggested that the interaction with NS4A through the 22 amino acid residues of NS3 is primarily important for the NS4A-dependent processing of the NS4B/5A site by NS3.
Hepatitis C virus (HCV) is a causative agent of posttransfusion non-A, non-B hepatitis (5, 18) . From analysis of the viral genome and the putative viral proteins encoded in the genome, HCV is believed to be a member of the family Flaviviridae (6, 16, 25) . The HCV genome has a single open reading frame that encodes a precursor polyprotein of about 3,000 amino acid residues. Both host and viral proteinases are required for processing of the precursor polyprotein (4, 7, 11-14, 21, 22, 27) . The order of the HCV proteins produced from the N terminus of the open reading frame is as follows: core (C), envelope-1 (E1), envelope-2-type 1 and -type 2 (E2-type A and -type B, respectively), p7, nonstructural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B (13) . Two phosphoproteins, with different degrees of phosphorylation, are produced from NS5A (15) . HCV encodes two proteinases, Cpro-1 and Cpro-2 (7, 10, 11, 13, 29) . The former, encoded in the region from the Cterminal portion of NS2 to the N-terminal one-third of NS3, is a metalloproteinase, and the latter, encoded in the N-terminal one-third of NS3, is a serine-type proteinase. These two proteinases are required for viral nonstructural polyprotein processing. Cpro-1 cleaves the NS2/3 site and Cpro-2 cleaves the sites located downstream from the NS3 region. Cleavage at the NS4B/5A site requires NS4A as well as Cpro-2 (3, 8, 28) . We previously showed that NS4A associates with NS3 and is responsible for the membrane association of NS3 (14) .
We are interested in clarifying whether or not the stable association of NS3 and NS4A is essential for NS4A-dependent cleavage at the NS4B/5A site. To address this question, we identified the region in NS3 that is necessary for stable interaction with NS4A. Then we analyzed the efficiency of cleavage at the NS4A-dependent cleavage site by using NS3 derivatives which lacked the region that is important for formation of a stable complex with NS4A. Here, we report that the N-terminal 22 amino acid residues of NS3 were important for stable complex formation with NS4A. Moreover, this region stabilized the NS3 protein through its interaction with NS4A. The efficiency of NS4A-dependent cleavage mediated by NS3 derivatives is also described.
MATERIALS AND METHODS
Construction of expression plasmids. Construction of plasmids pCMV/N1049-1215D and pCMV/N1658-1711 has been described previously (15, 26) . The combinations of positive-and negative-stranded primers used for PCR (described below) are indicated in parentheses after the PCR products. PCR product 1 (5Ј-CCGCTGCAGCCATGGCGCCTATCACGGCCTAT-3Ј and 5Ј-CCG AAGCTTTCAGCACTCTTCCATTTCATC-3Ј) was digested with PstI and HindIII and inserted into the PstI-HindIII site of pKS(ϩ)/CMV (13) to obtain pCMV/N1027-1711, which encodes the entire NS3 and NS4A regions. PCR product 2 (5Ј-CCGCTGCAGCCATGGCGCCTATCACGGCCTAT-3Ј and 5Ј-CCGAAGCTTTCAAGTGACGACCTCCAGGTC-3Ј) was digested with PstI and HindIII and was inserted into the PstI-HindIII site of pKS(ϩ)/CMV to obtain pCMV/N1027-1657, which encodes all of NS3. Plasmid pCMV/DHFR was prepared by inserting the HindIII-KpnI fragment of pdhfrFX2 (26) into the HindIII-KpnI site of pKS(ϩ)/CMV. To obtain pCMV/N1027-1215D, a costruct which produces the N-terminal 189 amino acid residues of NS3 fused in frame at its C terminus to Escherichia coli dihydrofolate reductase (DHFR), the PstI-BlnI fragment of pCMV/N1027-1711 was replaced with the PstI-BlnI fragment of pCMV/N1049-1215D. To obtain pCMV/N1027-1048D, which encodes the Nterminal 22 amino acid residues of NS3 fused in frame to the N terminus of an E. coli DHFR, PCR product 3 (5Ј-CCGCTGCAGCCATGGCGCCTATCACG GCCTAT-3Ј and 5Ј-CCGAAGCTTTGTCAGGCTAGTGATG-3Ј) was digested with PstI and HindIII and was replaced with the PstI-HindIII fragment of pCMV/ N1049-1215D. pCMV/N1712-2419, which produces the NS4B-5A protein, was obtained by replacing HindIII-and PstI-digested PCR product 4 (5Ј-ACAA GCTTCTCGAGATGGCCCCACACCTC-3Ј and 5Ј-AATAGTTCGGCGCCG GGG-3Ј) with the HindIII-PstI fragment of pCMV/N1973-2419 (15) . The regions of polyproteins produced from these plasmids are shown in Fig. 1 .
Expression of HCV polyproteins in COS cells. DNA transfections were performed as described previously (12) . Lysates of COS cells transfected with the series of pCMV-derived plasmids were fractionated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and subjected to immunoblot analysis as described previously (12) . The antibodies used in this experiment were anti-NS3 antibody (␣-NS3), anti-NS4A antibody (␣-NS4A), anti-NS5A antibody (␣-NS5A), and anti-DHFR antibody (␣-DHFR) (12, 13, 21) . ␣-NS4A and ␣-NS5A were generous gifts from A. Takamizawa (Osaka University, Osaka, Japan).
Pulse-chase analysis. COS cells seeded at a density of 2 ϫ 10 5 cells per 35-mm plate were transfected with the series of pCMV-derived plasmids and used for pulse-chase analysis. The cells were incubated in 0.5 ml of methionine-free Eagle's minimum essential medium (Flow Laboratory) with 5% dialyzed fetal calf serum for 1 h and labeled for 20 min in the same medium supplemented with 200 Ci of [ 35 S]methionine (ICN) per ml. After pulse-labeling was performed, the cells were either lysed immediately in 100 l of Laemmli's sample buffer without dye or lysed following a chase for various times in Dulbecco's modified Eagle's medium containing methionine and cysteine (75 g/ml each).
Subcellular localization analysis. The pCMV-derived plasmids were transfected into COS cells as described above. One day after the transfection, the cells were incubated in 1 ml of methionine-free minimum essential medium with 5% fetal calf serum supplemented with 200 Ci of [ 35 S]methionine per ml for 6 h. The cells were collected after trypsin treatment and washed twice with phosphate-buffered saline (PBS) containing 1 mM phenylmethylsulfonyl fluoride. The cells were resuspended in buffer A (10 mM Tris-Cl [pH 7.5], 10 mM KCl, 2 mM MgCl 2 , 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride), and incubated for 10 min on ice. The cell lysate was overlaid on a sucrose step gradient (40 to 60%) in buffer A and centrifuged (200,000 ϫ g) for 60 min to separate the cytoplasmic and membrane fractions. Both fractions were used for immunoprecipitation as described below.
Immunoprecipitation of metabolically labeled cell extract with [ 35 S]methionine under denaturing conditions. For pulse-chase and subcellular localization experiments, cell lysates metabolically labeled with [
35 S]methionine were diluted 5-to 10-fold with extraction buffer (50 mM Tris-Cl [pH 7.5], 150 mM NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride). One milliliter of the diluted lysates was preadsorbed with 30 l of protein G-Sepharose suspension (Pharmacia) overnight. After centrifugation, 500 l of the clarified lysate was incubated with either ␣-DHFR or ␣-NS4A for 1 h. The immune complex was recovered by adding 20 l of protein G-Sepharose and washed three times with 50 mM Tris-Cl [pH 7.4]-500 mM NaCl-5mM EDTA-1% Nonidet P-40-5% sucrose and once with 10 mM Tris-Cl [pH 7.4]-50 mM NaCl-1 mM EDTA. The immunoprecipitates were solubilized in sample buffer and analyzed by SDS-13% PAGE or Tricine-SDS-16% PAGE (24) . The gels were dried and exposed to imaging plates (Fuji Photo Film Co., Ltd.).
Immunoprecipitation of metabolically labeled cell extract under nondenaturing conditions. The pCMV-derived plasmids were transfected into COS cells as described above. After incubation for 1 day, the cells were incubated in 1 ml of methionine-free minimum essential medium supplemented with 100 Ci of [ 35 S]methionine per ml for 6 h. Metabolically labeled cells were washed with PBS twice before lysis in 1 ml of ice-cold nondenaturing buffer T (0.5% Triton X-100, 20 mM Tris-Cl [pH 7.5], 1 mM EDTA, 120 mM NaCl). The cell lysate was centrifuged at 15,000 ϫ g for 10 min to remove nuclei and debris, and the supernatant was preadsorbed overnight with 30 l of protein G-Sepharose suspension. After centrifugation, 500 l of the clarified supernatant was incubated with either ␣-NS3, ␣-DHFR, or ␣-NS4A for 1 h. The immune complex was recovered by the addition of 20 l of protein G-Sepharose and washed four times with buffer T. The immune complex was solubilized and analyzed by SDS-13% PAGE or Tricine-SDS-16% PAGE. The gels were dried and exposed to imaging plates.
RESULTS
Effect of NS3 deletion mutation on stable NS3-NS4A complex formation. We suggested previously that NS4A may associate with NS3 and that this possible association may be required for the observed association of NS3 with the cellular membrane (14, 28) . To locate the domain in NS3 that is required for complex formation with NS4A, we constructed plasmids which express various deleted forms of NS3. Association of NS3 with NS4A was tested by using a plasmid-based transient expression system in COS cells. COS cells were cotransfected with one of the series of pCMV-derived NS3-expressing plasmids and with an NS4A-expressing plasmid. Cells metabolically labeled with [ 35 S]methionine were lysed under nondenaturing conditions and were analyzed for NS3-NS4A association by coimmunoprecipitation with ␣-NS3 or ␣-NS4A ( Fig.  2A ). ␣-NS3 recognized authentic 70-kDa NS3 protein and some cellular proteins but did not recognize NS4A ( Fig. 2A , lanes 2 and 3). The level of production of NS3 in the lysate transfected with pCMV/N1027-1711, which encodes NS3, was low ( Fig. 2A, lane 2) . This result was consistent with a result of our previous study, which showed that NS3 is unstable in the absence of NS4A (28) . ␣-NS4A did not detect NS3 but recognized authentic 4-kDa NS4A protein ( Fig. 2A, lanes 7 and 8) . The cleaved products, NS3 and NS4A, were detected in a cell which produces an NS3-4A polyprotein ( Fig. 2A , lanes 4 and 9). NS3 and NS4A, produced from the NS3-4A polypeptide, were detected in the samples immunoprecipitated by either ␣-NS3 or ␣-NS4A, indicating that NS3 and NS4A remained associated under the conditions of this assay ( Fig. 2A , lanes 4 and 9). The association of NS3 and NS4A was also observed when these proteins were coproduced from independent expression plasmids ( Fig. 2A, lanes 5 and 10) . This observation indicated that NS3 and NS4A formed a complex even when the two proteins were translated in cells independently.
To identify the region in NS3 that is important for interaction with NS4A, N-and C-terminally deleted NS3 were coproduced with NS4A in COS cells. We showed that the domain for Cpro-2 activity measured by cleavage at the NS5A/5B site is localized within the region from amino acids 1049 to 1215 (26) . A protein designated NS3 1027-1215D includes the region of the N-terminal one-third of NS3, a domain for Cpro-2, fused with DHFR. The protein designated NS3 1049-1215D lacks 22 amino acids from the N terminus of NS3 1027-1215D . Both proteins have trans cleavage activity at the NS5A/5B site despite being fused with DHFR (26) . These two NS3 derivatives, NS3 1027-1215D and NS3 1049-1215D , were used for the association analysis with NS4A. Production of fusion proteins NS3 1027-1215D (42 kDa) and NS3 1049-1215D (40 kDa) was detected by ␣-DHFR when NS4A was coproduced (Fig. 2B, lanes 2 and 3) . DHFR was not coimmunoprecipitated with NS4A (Fig. 2B, lanes 1 and 4) . NS3 1027-1215D and coproduced NS4A were detected in the fractions immunoprecipitated by both ␣-DHFR and ␣-NS4A, indicating that these two proteins associated under the conditions of this assay (Fig. 2B, lanes 2 and 5) . On the other hand, when NS3 1049-1215D was coproduced with NS4A, these proteins were not coimmunoprecipitated with ␣-DHFR or ␣-NS4A (Fig. 2B, lanes 3 and 6) . From these results, we concluded that the N-terminal 22 amino acid residues of NS3 appear to be an important region for the association of NS3 and NS4A. Interaction of a peptide containing the N-terminal 22 amino acid residues of NS3 with NS4A. To test whether or not the N-terminal 22 amino acid residues of NS3 interact with NS4A, a plasmid, pCMV/N1027-1048D, which encodes these 22 amino acid residues fused with DHFR, was constructed. A lysate obtained from cells transfected with both this plasmid and a plasmid producing NS4A was analyzed for association of the 22-amino acid-containing peptide with NS4A (Fig. 3) . A fusion protein, NS3 1027-1048D , with a molecular mass of about 25 kDa was precipitated by ␣-DHFR (Fig. 3, lanes 2 and 4) ; also present was a faint band with the same mobility as that of authentic DHFR, which may be a product that was translated from an internal methionine at the N-terminal region of the DHFR coding region (17) . NS4A and NS3 1027-1048D were detected in the fractions immunoprecipitated with ␣-DHFR and ␣-NS4A, respectively, when these proteins were coproduced (Fig. 3, lanes 4 and 8) , indicating that the N-terminal 22 amino acid residues of NS3 are important for association with NS4A.
Importance of the N-terminal 22 amino acid residues of NS3 for stabilization of NS3 through possible association with NS4A. NS3 is stably present in cells when NS4A is coproduced (28) . To test the possibility that association of NS4A and the N-terminal 22 amino acid residues of NS3 is required for stabilization of NS3, we performed pulse-chase analysis of NS3 derivatives with a transient expression system in COS cells in the presence or absence of NS4A. When NS3 1027-1215D was produced together with NS4A, NS3 1027-1215D could be detected following the 1-day chase period (Fig. 4A, lane 13) . The stability of this protein was almost the same as that of an intact form of NS3 produced from a protein of N729-3010, which yields all of the HCV nonstructural proteins (27) . Thus, the C-terminal portion of NS3 as well as DHFR fused with the C terminus of NS3 1027-1215D did not seem to influence its stability. In the lysate obtained from cells producing NS3 1027-1215D without production of NS4A, the detectability of labeled NS3 1027-1215D was no longer demonstrated at 180 min of chase time (Fig. 4A, lanes 5 to 7) . The stability of NS3 1049-1215D , with or without NS4A, was similar to that of NS3 1027-1215D produced in cells without NS4A production. In both cell lysates, NS3 1049-1215D was hardly detected at 180 min of chase time (Fig. 4B, lanes 5 and 11) . The NS4A that was coproduced with NS3 1049-1215D was also unstable, indicating that association with NS3 was required for the stabilization of NS4A (Fig. 4B,  lanes 8 to 13) . Thus, the 22 amino acids of the N terminus of NS3 appeared to promote the association of NS3 with NS4A, which led to a mutual stabilization of these proteins.
Importance of the N-terminal 22 amino acid residues of NS3 for membrane association of NS3 in the presence of NS4A. We previously reported that subcellular localization of NS3 was affected by the presence of NS4A (28) . In the absence of NS4A, NS3 is detected mainly in the cytosol fraction. However, in the presence of NS4A, the majority of NS3 proteins can be detected in the membrane fraction. This may be explained by the fact that NS4A tends to associate with the membrane (28) 5) ; pCMV/N1027-1048D, which produces NS3 1027-1048D (lanes 2 and 6); pCMV/DHFR plus pCMV/N1658-1711, which produces NS4A (lanes 3 and 7) ; or pCMV/N1027-1048D plus pCMV/N1658-1711 (lanes 4 and 8) . After radiolabeling of the cells, the cell lysates were analyzed as described in the legend to and characteristically interacts with NS3 (14) . To confirm this possibility we analyzed the subcellular localization of the respective N-terminally truncated and -intact forms of NS3, NS3 1049-1215D , and NS3 1027-1215D (Fig. 5) . The cells producing these NS3 derivatives were lysed and separated into cytosol and membrane fractions as described in Materials and Methods. In the absence of NS4A, NS3 1027-1215D and NS3 1049-1215D were detected mainly in the cytosol fraction (Fig. 5, lanes 1 to  4) . The relative amount of NS3 1027-1215D in the membrane fraction was increased by the coproduction of NS4A (Fig. 5 , lanes 5 and 6), although the relative amounts of NS3 1049-1215D in the cytosol and membrane fractions were not affected (Fig.  5, lanes 7 and 8) . These data confirmed our previous finding that NS3 is associated with the membrane by means of NS4A. Moreover, stable complex formation with NS4A through the N-terminal 22 amino acid residues of the NS3 protein was important for membrane association of NS3.
Role of the N-terminal 22 amino acid residues of NS3 in NS4A-dependent proteolytic activity by NS3. NS4A is a cofactor of NS3 and is essential for cleavage at the NS4B/5A site (3, 8, 28) . In some way, NS4A also enhances NS3 cleavage efficiency at sites other than NS4B/5A. After determining the cis element in NS3 which was important for association with NS4A, we examined the relation between NS3-NS4A association and the NS4A-dependent proteolytic activity of NS3. Various constructs of NS3 derivatives were coproduced with an NS4B-5A polyprotein, in the presence or absence of NS4A production (Fig. 6 ). Production of NS3 or its derivatives was monitored by ␣-NS3 or ␣-DHFR, respectively. ␣-NS3 recognizes the epitope in the C-terminal region of NS3 and, therefore, cannot recognize the C-terminally truncated forms of NS3. ␣-DHFR should recognize all the DHFR-tagged NS3 derivatives. Without NS4A, the levels of production of intact NS3 and the NS3 derivatives NS3 1027-1215D and NS3 1049-1215D were all low (Fig. 6B, lane 2, and 6C, lanes 3 and 4) . Production of NS4A was detected by ␣-NS4A (Fig. 6D) . In agreement with the literature, the cleavage at the NS4B/5A site required NS4A (Fig. 6A, lanes 2 to 4) . When NS4A was coproduced with NS3 or NS3 1027-1215D , two forms of NS5A products, p56 and p58, were produced from the substrate protein of NS4B-5A (Fig.  6A, lanes 5 and 6) . When NS3 1049-1215D was used as an enzyme protein, the cleavage efficiency of the substrate was greatly reduced (Fig. 6A, lane 7) . The level of NS3 1049-1215D production was low even in the presence of NS4A (Fig. 6A, lane 7) compared with that of NS3 1027-1215D . Thus, one may argue that decreased efficiency might have resulted in the lower level of production of NS3-derived proteinase. However, at an undetectable level of NS3 production we observed that NS3 still had sufficient cleavage activity at the NS5A/5B site (28). So we think this reduced efficiency of NS4B/5A cleavage depends mainly on a lack of interaction between NS3 1049-1215D and NS4A. 1 and 2) ; pCMV/ N1049-1215D ( lanes 3 and 4) ; pCMV/N1027-1215D plus pCMV/1658-1711 ( lanes 5 and 6) ; or pCMV/N1049-1215D plus pCMV/N1658-1711 (lanes 7 and 8) . 
DISCUSSION
The NS3 protein is responsible for processing of an HCV nonstructural precursor polyprotein. At least four sites, NS3/ 4A, NS4A/4B, NS4B/5A, and NS5A/5B, are cleaved in a Cpro-2-dependent manner. The N termini of NS4B, NS5A, and NS5B are produced by a Cpro-2 trans cleavage, while that of NS4A is produced by a cis cleavage (2, 20, 26) . Recently, it was shown that NS4A is an essential cofactor of Cpro-2 for the cleavage at the NS4B/5A site and, moreover, that the cleavage efficiency of other sites such as NS5A/5B is increased by the presence of NS4A (3, 8, 28) . The role of NS4A in NS3 proteolytic activity seems to differ from that of flavivirus NS2B, in which NS2B is required for all the NS3-dependent cleavages (1, 4, 9, 19, 23) .
Previously, we showed that NS4A interacts with NS3 (14) and that such interaction facilitates stabilization and membrane localization of NS3 (14, 28) . Those results raised the question of whether or not the membrane anchoring and stabilization of NS3 by NS4A are required for NS4A-dependent cleavage at the NS4B/5A site. To address this question, we first identified the region responsible for the association of NS3 and NS4A by means of a coimmunoprecipitation assay system. Then, we analyzed the cleavage efficiency at the NS4B/5A site by using NS3 which lacks the region responsible for the interaction with NS4A.
In lysates of COS cells producing an intact form of NS3 and NS4A, those proteins were coimmunoprecipitated with either ␣-NS4A or ␣-NS3, indicating their interaction ( Fig. 2A) . When NS3 1027-1215D , which lacks the C-terminal two-thirds of NS3, was produced, the association of NS3 and NS4A was still observed (Fig. 2B, lanes 2 and 5) . On the other hand, the N-terminal 22-amino-acid-deleted form of NS3 1027-1215D , NS3 1049-1215D , which maintains Cpro-2 cleavage activity at the NS5A/5B site, was no longer coimmunoprecipitated with NS4A (Fig. 2B, lanes 3 and 6) . This result indicated that the region necessary for the association of NS3 with NS4A was located within the 22 amino acid residues of the N terminus of NS3. This is supported by data showing that a peptide with the 22 amino acids fused with DHFR could bind NS4A (Fig. 3) .
Pulse-chase experiments were performed to examine the role of the NS3-NS4A association through the N-terminal 22 amino acid residues of NS3 in the stabilization of NS3. When NS3 1027-1215D was coproduced with NS4A, these two proteins were stably present in cells for more than 1 day (Fig. 4A) . On the other hand, when NS3 1049-1215D was coproduced with NS4A, these two proteins were unstable (Fig. 4B) . These results indicated that association of NS3 and NS4A through the N-terminal 22-amino acid residues of NS3 was important for the stabilization of both NS3 and NS4A, although it is necessary to clarify whether or not this interaction occurs directly.
NS4A is required for membrane localization of NS3 (14, 28) . We found that the N-terminal 22 amino acids of NS3 were important for the membrane localization of NS3. Since NS4A is shown to be associated with the membrane (14, 28) , membrane association of NS3 may be mediated by the binding of NS4A to NS3. This possibility was clarified by comparing subcellular localization of NS3 1027-1215D and NS3 1049-1215D in the presence or absence of NS4A. When NS3 1027-1215D and NS3 1049-1215D were produced in the absence of NS4A, these proteins were distributed mainly in the cytosol fraction (Fig. 4,  lanes 1 to 4) . Coproduction of NS4A did not affect subcellular localization of NS3 1049-1215D , but it did increase the amount of NS3 1027-1215D in the membrane fraction, indicating that the N-terminal 22 amino acids of NS3 are required for membrane localization of NS3 in the presence of NS4A.
The requirement of NS3-NS4A association for the cleavage at the NS4B/5A site was analyzed (Fig. 6) . NS4A is an indispensable cofactor of NS3 for the cleavage at the NS4B/5A site. Without coproduction of NS4A, intact NS3, NS3 1027-1215D , and NS3 1049-1215D could not cleave the NS4B/5A site. In the presence of NS4A, intact NS3 and NS3 1027-1215D efficiently cleaved this site, although NS3 1049-1215D cleaved the site very inefficiently (Fig. 6 , lane 5 to 7). As described above, NS3 1049-1215D was unstable in the cell even with the coproduction of NS4A, while NS3 and NS3 1027-1215D were stabilized by NS4A. The function of NS4A in stabilizing NS3 may not be sufficient for the cleavage at the NS4B/5A site, because even in the presence of a detectable amount of NS3, the enzyme failed to cleave the NS4B/5A site (Fig. 6, lane 2) . Thus, it is more likely that NS4A is a cofactor which is directly involved in NS4B/5A cleavage. At least two possible functions of NS4A in NS4B/5A cleavage are conceivable: one is proper anchoring of NS3 on the membrane, and another is facilitating NS4B/5A cleavage by changing NS3 conformation. When HCV nonstructural polyprotein is produced in the cells, most of the processed HCV proteins are localized in the membrane fraction (14, 28) . Thus, localization of NS3 on the membrane through NS4A may be important for efficient cleavage at the NS4B/5A site. However, since some NS3 was localized in the membrane fraction without NS4A (Fig. 5) (28) , mere association of NS3 with the membrane may not be sufficient for NS4B/5A cleavage. On the other hand, NS4A facilitated cleavage; addition of synthetic NS4A enhanced the cleavage activity at the NS4B/5A site of a purified NS3 that was produced in E. coli (unpublished results). Inefficient cleavage at the NS4B/5A site by NS3 1049-1215D in the presence of NS4A may be attributed to a weak interaction of these proteins.
In this report we described a requirement in HCV nonstructural polyprotein processing for NS3-NS4A association medi- ated by the N-terminal 22 amino acid residues of NS3. Association of NS3 and NS4A proteins stabilized each protein, anchored NS3 to the membrane, and facilitated cleavage at the NS4B/5A site. How NS4A affects NS3 proteinase activity is still obscure. Further study, for instance, an analysis of the conformational change of NS3 by NS4A, should promote a better understanding of NS4A function.
